Xe inhalation method was modified to measure regional cerebral blood flow (rCBF) of both hemispheres and brain stem-cerebellar (BSC) regions in baboons to serve as a model for clarifying and validating human studies. Measurements were made in the alert, unanesthetized state at rest and during activation with spontaneous respiration in a primate chair or during sedation or anesthesia with mechanical respiration for direct comparison with the intra-arterial 
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XE INHALATION METHOD for measurement of regional cerebral blood flow (rCBF) in humans, first introduced by Mallett and Veall, 1 has now been modified 2 -3 so that flow values are in better agreement with the carotid injection method. The inhalation method may become established as a useful tool for investigating CBF changes in health and disease. The principle advantages of the method are that it is non-invasive, can be repeated a number of times, and makes possible simultaneous rCBF measurements of both hemispheres and of the brain stem-cerebellar (BSC) regions. However, for reasons to be cited later, few studies have been reported which compare results of the 133 Xe inhalation method with other standard measurements 46 so that precise validation of the various indices of flow measured by the inhalation method are still required. Questions that remain to be answered concerning the validity of the inhalation method may be summarized as follows: 1) Is it reliable to use the endtidal 133 Xe curve, which is considered to be in equilibrium with the arterial blood, to correct for recirculation by the deconvoluting process?; 2) How serious is the error of rCBF measurements caused by contamination of counts derived from scalp and other extracerebral tissues?; 3) Which indices of rCBF may be used with reliability and with what levels of confidence?; 4) Is it possible to measure rCBF in the vertebrobasilar arterial distribution by probes placed over the suboccipital region? One approach to clarification of these questions is to compare inhalation measurements of rCBF made in animal models with serial rCBF measurements utilizing the standard method for rCBF measurement after intra-arterial injections of 133 Xe. Since the necessity of intra-arterial injection requires an invasive approach it is preferable to carry out such comparative measurements in animal models under a variety of different conditions that are known to influence CBF, rather than attempting such comparisons in humans. The present study was therefore designed to utilize animal models for direct comparison of the 133 Xe intra-arterial injection and inhalation methods under different physiological and pharmacological conditions. If successful, these experiments would provide a modification of the 133 Xe inhalation method suitable for non-invasive measurements of rCBF in the unanesthetized baboon.
Materials and Methods
Fourteen young, sexually mature baboons (Papio anubis) weighing 5 to 10 kg each were used. A permanent tracheostomy was made under sterile conditions prior to the rCBF measurements. Light anesthesia was induced by intramuscular injection of ketamine hydrochloride (Ketalar®, 2 mg/kg/body weight) and regional anesthesia by injection of 1% lidocaine hydrochloride. The experimental protocols were divided into acute and chronic measurements.
Acute experiments were designed to compare serial rCBF values, measured by both the arterial injection and inhalation methods, in the same animal under general anesthesia induced by intravenous injection of 5 to 10 mg/kg of sodium pentobarbital, supplemented as required, to produce stable levels of anesthesia as judged by the electroencephalogram (EEG In the acute studies, a catheter for injection into the internal carotid arteries of a bolus of saline saturated with 133 Xe was inserted into both lingual arteries. All branches of the right external carotid artery were ligated but the left side was left intact. The scalp and temporal muscles were removed on the right side of the head only since the study was designed to permit comparison of the effect of extracranial contamination by comparing measurements recorded from the right side with those recorded from the left. Another catheter was inserted via the left subclavian artery for the injection of
18S
Xe into the vertebrobasilar arterial system to ensure saturation of the brain stem and cerebellum prior to measuring clearance of xenon from these structures.
When rCBF measurements were made by inhalation of the
1S3
Xe mixed in air, the gas was prepared in a plastic bag shielded within a lead container and was inhaled directly via the tracheal tube when the animals were breathing spontaneously, or was administered through a Harvard mechanical respirator when the animals were under artificial respiration. In order to minimize the dead space and to prevent back flow of the exhaled gas a one-way ball valve was installed in both inspiratory and expiratory tubing. The
133
Xe activity of the end-tidal air was recorded from the expiratory tube by a sodium iodide crystal detector 12 mm in diameter placed as close to the tracheostomy as possible with appropriate shielding.
Three collimated scintillation detectors fitted with sodium iodide crystals (12 mm in diameter) were mounted, one each, over both cerebral hemispheres (overlying each sylvian fissure) and the third overlying the brain stem-cerebellar regions in the midline. The probe overlying the brain stem and cerebellum was placed below the occipital protuberance in the midline and was directed toward the upper pons. Lead-lined stainless steel collimators 16 mm in diameter and 26 mm in length were used for each of the 2 hemispheric probes and one 13 mm in diameter and 40 mm in length was used for the brain stemcerebellar probe. A lead screen 3 mm thick was fitted around the neck to provide complete shielding of the head probes from any radioactivity derived from the rest of the body other than the head. The output from each probe was fed to a discriminator adjusted to accept pulses between 67.5 and 94.5 KEV or predominantly gamma activity.
For the rCBF measurements made by the intraarterial injection method a bolus of 30 to 50 ^Ci of 133 Xe in 0.2 ml of saline was injected via the lingual and subclavian arteries. The head desaturation curves were recorded for 10 min and were analyzed by the digital computer using 2 compartmental analysis for deriving fast flow (Fg) and slow flow (Fw) values and by stochastic analysis for deriving mean flow over the 10 min interval (CBF 10 Xe injection and bilateral counting. This may be due, at least in part, by the common anterior cerebral artery in this primate. Blood-tissue partition coefficients (X) were corrected for the hemoglobin value of each animal according to the method of H^edt-Rassmussen. 7 Comparison of the rCBF values between the inhalation and injection methods was done by alternating the 2 methods of measurement at time intervals of 20-30 min, under comparable physiological conditions for PECO 2 , blood pressure and EEG activity except when CO 2 responsiveness was tested, at which time, PECO 2 was the only physiological variable altered and this was achieved by hyperventilation or inhalation of 5% CO 2 in air. Hyperventilation was accomplished by increasing the speed and volume of the respirator until PECO 2 was reduced.
The protocol for the chronic studies called for measurements of rCBF only by the 133 Xe inhalation method to test the reproducibility and usefulness of such a noninvasive method for experimental studies where the absence of anesthesia is desirable. The chronic studies were designed to measure rCBF, without pain, by the non-invasive l38 Xe inhalation method while the baboons were seated comfortably in a primate chair. Measurements were made during the alert state and during activation by motor and sensory stimulation of the left limbs and finally during different stages of anesthesia induced by intravenous sodium pentobarbital. These chronic studies were repeated on different days in the same animal during spontaneous respiration, while the endtidal PECO 2 and the EEG were recorded on the polygraph. Chronic Xe and in order to minimize contamination from the oral pharynx, so that no further operative procedure was required.
After seating the animals in a primate chair a helmet of appropriate size was fitted to each animal's head. The design of the helmets were similar to those utilized in human measurements 3 but were fabricated from orthopedic plaster bandages and denture resins.* The 3 collimated probes were mounted in the helmet in order to maintain the optimum position throughout the study. The animals were breathing spontaneously and were allowed to move the extremities. The baboons had become accustomed to being handled in the vivarium for about 3 months prior to the studies, so that they were tame and responded to feeding and petting between test procedures. In this way satisfactory test conditions with normal breathing during the rCBF measurements were obtained. Endtidal
13S
Xe, PECO 2 , EEG and ECG were continuously recorded without difficulty.
Results were analyzed by Student's paired Mest when data were paired, and Student's /-test when unpaired. When the variances differed significantly from one another, the Wilcoxon matched pair test was used. Statistical significance was accepted when p < 0.05. All mean values are expressed by the arithmetic means ± SEM.
Results
Isoresponse Curve for l33 Xe Measured in Brain Tissue
In order to estimate the counting geometry for the probes used for measurement of rCBF recorded over the posterior fossa, the isoresponse curves for detection of the gamma photons for 183 Xe were measured in actual brain tissue immediately after sacrifice through flaps made in the overlying skull and scalp to permit access to the brain. The scintillation detectors were collimated in the same manner as during the actual flow measurements made immediately before sacrifice in the same animal. A point source of 183 Xe sealed in a glass bulb of 1 mm internal diameter was first placed over the scalp below the probe and these counts were recorded as 100%. Thereafter, maximum counts expressed as percentage of these values were recorded as the point source was moved throughout the brain tissue, 5 mm at a time, in a 2-dimensional plane describing vertical and horizontal lines in relation to the crystal of the detector. When the isocount values were recorded, the point source was placed in the depth of the sectioned brain tissue, with the scalp and skull flaps returned in place for each measurement (fig-1 ).
As shown in figures 1 and 2, the reconstructed 3 dimensional volume of brain tissue, from which the collimated detectors record gamma radiation, is estimated to be in the form of a truncated cone. reduction of counting efficiency and the increase of the tissue laminal volume as the source was moved away from the detector. As may be noted from line (A) in figure 2, while there is a progressive decrease in counting efficiency with increasing distance, as might be predicted due to tissue absorption and the inverse square law, this tends to be compensated for with in- creasing distance by the enlarging tissue mass from which gamma radiation is recorded as shown by line (B). The count rate calculated as the product of line (A) and line (B) gave a curve with maximum counting geometry at a distance of approximately 5 to 7 cm from the collimator as shown by line (A X B). This experiment indicates that in brain tissue, despite the inverse square law, the radioactivity from deeper tissues contributes to the total counts detected by the externally placed probes. The ratio of effective count rates detected from cerebellum and brain stem, calculated by projecting the isoresponse curves to the anatomical location of the brain stem and cerebellum, was estimated to be in the order of 1:1.
Radioactivity from Scalp and Muscles of the Head
Relative contamination of the total count rates by radioactivity derived from the scalp and cephalic muscles after 133 Xe inhalation was estimated in 3 animals. Immediately after inhalation of 1S3 Xe for one min, relatively large areas of the scalp and cephalic muscles underlying the detector field of view were immediately excised by electro-cautery, isolated, and their count rates recorded within 30 sec. Radioactivity derived from the excised scalp and muscle ranged between 6 to 7 percent of the total counts recorded from the intact head. The diffusion of 133 Xe during excision was considered to be negligible because the same result was obtained in one animal which was sacrificed by inducing circulatory arrest by a lethal dose of barbiturate immediately after one min inhalation of 133 Xe. This animal showed the same measurements of radioactivity in the excised tissues as the 2 with intact circulation. values was tested for Fw ( fig. 4) . Although Fw by inhalation on the side of the scalp excision was similar to Fw by injection, Fw by inhalation on the side with intact extracranial circulation was significantly lower than values obtained by the injection method (table 1) . The regression lines correlating these variables showed that Fw values were underestimated, particularly at low perfusion rates by the inhalation method ( fig. 4) . The initial slope index (ISI 2 ) 8 values measured by the inhalation method were also compared with the Fg and CBF 10 values obtained by the injection method 9 as shown in figure 5 . Logarithmic transformation showed best fitting and statistically significant correlation between the 2 methods both for Fg and CBF 10 . Although ISI 2 correlated well with both Fg and CBF 10 , the mean values for ISI 2 (41.9 ±3.2) bore 10 (37.1 ± 1.6 ml/lOOg brain/min) than for Fg (58.0 ± 3.5 ml/lOOg brain/min).
The flow values obtained for the brain stem-cerebellar regions also showed close correlation for Fg measured by both the injection and inhalation methods ( fig. 6, table 1 ). However, Fw measured by inhalation was significantly lower than Fw measured by injection (table 1) .
In order to determine flow values measured from the brain stem itself, uncontaminated by overlying tissues, the brain stem was exposed beneath the posterior fossa probe after surgical removal of the overlying scalp, skull and cerebellum. Two serial rCBF measurements were made with the posterior fossa probe in the same location, before and after exposing the brain stem under as comparable physiological conditions as was possible. Mean control Fg values for the brain stem-cerebellar region before surgical exposure of the brain stem was 65.0 ml/lOOg brain/min by the injection method and 62.5 ml/lOOg brain/min by the inhalation method. After removal of scalp, skull and cerebellum, brain stem Fg was increased by +3.8% by the injection method (67.5 ml/lOOg brain/min) and by +4.3% by the inhalation method (65.2 ml/lOOg brain/min Xe was inhaled via the tracheostomy, there was no possibility of contamination of the head curves by the passage of radioactivity via the oral and nasopharyngeal air passages since these were bypassed. This was confirmed at the end of one experiment in which a condition similar to brain death was simulated. The blood pressure was lowered by removal of blood until a mean arterial blood pressure of 20 mm Hg was reached and there was absence of all EEG activity. In this situation, after arterial injection of 133 Xe, the CBF 10 values for both hemispheres and brain stem-cerebellar regions were extremely low being 6.5 ml/lOOg brain/min and since the desaturation curves were monoexponential Fg and Fw values could not be determined or were too low to estimate. Likewise, after inhalation of 183 Xe, in this same preparation, the endtidal 133 Xe showed a normal desaturation pattern but all the head curves showed extremely slow monoexponential clearance almost identical to those obtained by arterial injection method.
In order to estimate any possible effect of radioactivity from the oral pharynx on the head curves, rCBF was measured in 3 normotensive animals under pentobarbital anesthesia after inhalation of Regional Fg was measured in the unanesthetized baboon seated comfortably in a primate chair by 1S3 Xe inhalation and was then repeated in the same animal during activation or after intramuscular administration of ketamine hydrochloride or intravenous injection of sodium pentobarbital. Measurements were also made during wakefulness and during sensorymotor stimulation or after the production of myoclonic seizure activity following intravenous injection of pentylenetetrazol ( fig. 7) . When the animals were alert and awake, there was predominantly low voltage fast (beta) activity in the EEG and the cortical Fg values were 90.0 ± 4.0 ml/lOOg brain/min and 90.0 ± 2.6 ml/lOOg brain/min for the brain stemcerebellar regions. There was no statistically significant difference between Fg values measured from the left and right hemispheres, the difference being 2.7 ± 1.4%. There was significant reduction in Fg values after sedation or light anesthesia was induced by ketamine hydrochloride (hemispheric Fg: 79.5 ± 3.8 ml/lOOg brain/min, brain stem-cerebellar Fg: 73.2 ± 3.4 ml/lOOg brain/min) and a greater reduction after deep anesthesia was induced by administration of sodium pentobarbital (hemispheric Fg: 57.2 ± 2.5 ml/lOOg brain/min, brainstem-cerebellar Fg: 51.2 ± 2.5 ml/lOOg brain/min). During sedation, or light or deep stages of anesthesia, the relative reduction of Fg values was greater in brain stem-cerebellar regions than in the hemispheric regions, the reduction in both progressing as the depth of anesthesia was increased. Unilateral sensory-motor activation by placing fresh fruit in the left limbs and manipulating them significantly increased Fg values in the brain stemcerebellar regions (102.0 ± 9.0 ml/lOOg brain/min) and in both cerebral hemispheres. The increase in Fg in the activated hemisphere contralateral to the stimulated limbs, (107.0 ± 10.7 ml/lOOg brain/min) was significantly greater than in the non-activated hemisphere (99.0 ± 7.6 ml/lOOg brain/min) at the p < 0.05 level using the paired f-test.
Intravenous infusion of pentylenetetrazol (Metrazol,® in doses of 20 mg/ml/min) for 10 min, increased Fg in the brain stem-cerebellar region by 107% and in the hemispheres by 99% during the interval of polyspike activity in the EEG compared to values under light anesthesia prior to the infusion.
Reproducibility of 2 serial runs, under comparable physiological conditions, with a rest interval of 20-30 minutes between them, was r = 0.95 ( fig. 8) the day-to-day variation for rCBF values measured in the awake state in the same animal was 4.9 ± 1.9% (N = 5).
Discussion
The clearance of isotope from the brain, measured by external counters after the intra-arterial injection of a bolus of saline saturated with 183 Xe for measurements of rCBF, has become an established method, widely used in human and laboratory studies.
Comparison of rCBF values measured after inhalation with those measured by arterial injection has generally been considered to be a satisfactory means of validation. 46 Although contamination by counts derived from the scalp were shown to contribute as much as 7% to total counts recorded from the head, flow values for Fg measured by the inhalation method in the present experiments snowed a nonsignificant reduction of 3.8% when compared with intracarotid injection measurements. Results from the present study in baboons compare favorably with previous measurements reported in man by H^edt-Rassmussen. 9 He found that when the common carotid artery was injected, there was an underestimate of Fg by 3% and Fw by 18% compared with values obtained when the internal carotid artery was injected.
If the desaturation interval for the head curves is limited to 10 min for 2 compartmental analysis, the rapidly clearing gray matter components are almost totally represented within the first compartment and the slower clearing white matter is predominantly represented in the second compartment with some contamination from scalp and muscle flow. Hence, the first component provides a reliable estimate of gray matter flow without significant contamination by the extracerebral circulation but the white matter flow is underestimated, particularly if white matter flow values are reduced below normal levels. CO 2 responsiveness found in the present study was similar to that reported by the arterial injection method 11 and further confirms the validity of Fg values measured by the inhalation method.
Despite the fact that the present study showed that the inhalation method underestimates Fw by 22% on an average, compared with the arterial injection method, there was still good correlation for relative changes of Fw between the injection and inhalation methods and when Fw values were within the normal range of 20-25 ml/lOOg brain/min the inhalation values were in better agreement with those measured by the injection method.
Caution must be exercised when interpreting values for Fw during application of this method to humans. Relative changes in Fw from one measurement to another in the same individual and normal or increased Fw values may be given credence during clinical investigation.
The CBF index ISI 2 has become widely used since it was first cited to correlate well with predominantly Fg values during investigation of cortical perfusion in lM XE INHALATION TO MEASURE CBF/Sakai, et al.
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humans. 8 It is calculated from the slope of the curve between the second and third minute of desaturation, which usually includes predominantly gray matter clearance but also clearance of slow compartment in addition. Although the correlation of ISI 2 with Fg was confirmed in the present study, correlation was best at higher ISI 2 values but there were consistent underestimations in the lower ranges of flow. In the present study, ISI 2 , measured by the inhalation method, correlated more linearly with rCBF 10 than with Fg values determined by the injection method, with close approximation to absolute values for rCBF 10 despite the fact that the partition coefficient X is not used for calculation of this index. It may also be noted, in the present experiments, that ISI 2 values also correlated more closely to changes in rCBF 10 than to Fg values when PECO 2 was altered. It may be concluded that ISI 2 is a less sensitive indicator of changes in cortical blood flow than Fg since it includes some of the second component.
In the present experiments, measurements of regional blood flow in the tissues supplied by the vertebrobasilar arterial system after 188 Xe inhalation justify the theoretical assumption that 1S3 Xe gas, when inhaled, enters the circulation via the lung and is distributed to the tissues supplied by the vertebrobasilar arterial system as well as those supplied by the carotid arterial system. 3 -12 Mapping of actual isoresponse curves for 133 Xe in brain tissue immediately postmortem, in the present study, confirms the assumption that satisfactory gamma counts may be recorded from brain stem tissue as well as from the cerebellum by suitably collimated probes placed over the suboccipital area and directed toward the brain stem. 3 Radioactivity from hemispheric tissue counted by the probe directed toward the brain stem-cerebellar region was also shown to be relatively small when compared with that measured from tissues in the posterior fossa ( figs. 1, 2 ). This gives a sound practical basis for calculating flow values from the 133 Xe desaturation curves recorded from the brain stem-cerebellar probes.
The good correlation between Fg values measured by both the inhalation and arterial injection methods, together with similar vasomotor responsiveness to changes in PECO 2 for the brain stem-cerebellar regions compared to those obtained from the hemispheres, support the view that Fg values obtained from the brain stem-cerebellar probe after inhalation of l83 Xe are reliable. The rapid phase of the brain stem : cerebellar clearance curve may be regarded as representing clearance of several components, namely perfusion of brain stem and cerebellar nuclei, which are reported to have high flow values compared to neighboring white matter and most parts of cerebral cortex. 13 -" In the present study, the fact that the posterior fossa probe gave slightly higher Fg values after surgical excision of the cerebellum confirms that the fast flow components recorded by this probe, and expressed as Fg, are giving an estimate of fast flow components recorded from brain stem tissue.
Considerable attention has also been given to the possibility of contamination of 133 Xe head curves, particularly when recording over the posterior fossa by radioactivity derived from the air passages of the pharynx. Nasopharyngeal contamination might affect the head curves in 2 ways: 1) The rapid clearance of 138 Xe from the air passages might be counted by the head probes as fast clearance from gray matter and cause artifically high Fg values. 2) 138 Xe gas might become trapped and clear slowly from the air sinuses, thereby adding artifactually slow components to the white matter flow. These 2 possibilities were shown to be unlikely by the present study, since administration of 133 Xe by inhalation, either directly through the tracheostomy, whereby the cephalic air passages and sinuses are by-passed, or through the oral pharynx by endotracheal tube, where the inspired 133 Xe would be seen by the probe, did not render significant differences to Fg values. The present results are in good agreement with recent measurements in humans, made in this laboratory, indicating that patients with tracheostomy showed comparable flow values whether 138 Xe was inhaled through the tracheal stoma or through the intact normal air passages.
Painless Measurements of rCBF in the Baboon
Until now, relatively few measurements of rCBF have been possible in the conscious primate, or lower animals, and these required implantation of hydrogen electrodes in the brain, implantation of flow meters or radioautographic techniques demanding sacrifice of the animal immediately after each flow measurement. 1818 Our hemispheric Fg values during the unanesthetized state (90.0 ± 4.0 ml/lOOg brain/min) compare favorably with values reported by Fein et al. 16 who measured clearance of hydrogen from chronically implanted hydrogen electrodes in primates (92.5 ± 3 . 5 ml/lOOg brain/min for the sensory cortex). In cats, Reivich et al. u reported rCBF values of 109 ± 4 ml/lOOg brain/min for the sensory-motor cortex and 81 ± 5 ml/lOOg brain/min for association cortex. In gerbils Van Uitert et al. 18 reported rCBF values of 102 ± 4 ml/lOOg brain/min for the cerebral hemispheres. Hemispheric Fg values during pentobarbital anesthesia in the present studies (57.2 ± 9.3 ml/lOOg brain/min) are also in good agreement with reported values of 52.0 ± 1 . 2 ml/lOOg brain/min reported in baboons by James et al." and 59.2 ml/lOOg brain/min by Mendelow et al., 13 both using the intracarotid injection method.
Reduction in Fg during sedation or light anesthesia by ketamine hydrochloride differs from the previous observations that ketamine hydrochloride increases CBF." However, the effect of ketamine on rCBF was only examined after intravenous injection of the drug and the increase in CBF was reported to be transient in nature. It is probable that the reduction in rCBF occurs some time later when the animals become drowsy after intramuscular injection of this drug. It also should be noted that Fg in the brain stem-cerebellar regions consistently shows greater reduction than hemispheric rCBF during sedation or light anesthesia 318 STROKE VOL 10, No 3, MAY-JUNE 1979 with ketamine or during deep anesthesia with pentobarbital.
Most currently available methods for regional cerebral blood flow measurements are difficult or impossible to use in conscious laboratory animals because of the necessity for operative procedures and the use of anesthetic agents. These are known to decrease cerebral blood flow, cerebral metabolism and CO 2 responsiveness of cerebral vessels. 20 - 21 Although it is feasible to utilize the intracarotid injection method in conscious monkeys, it is difficult to avoid pain and discomfort and to control the normal physiological conditions. The present experiments show that regional cerebral blood flow after 188 Xe inhalation, can be measured with accuracy and reproducibility in conscious, spontaneously breathing primates from both cerebral hemispheres and brain stem-cerebellar regions. If one bears in mind the rather coarse spatial resolution of the
1S8
Xe method and is aware of the extent of possible contamination as elucidated in the present study, the 183 Xe inhalation method may be considered for application in animal models where painless, noninvasive measurements of CBF without sedation or anesthesia are necessary.
